Purpose Organic matter improves soil fertility and water and thermal properties, but its content often decreases. This decrease may be mitigated by the addition of exogenous organic matter (EOM). The aim of this study was to assess the effect of EOMs, including compost from manure, slurry, and straw (Ag); industrial organic compost from sewage sludge (Ra); animal meal from animal by-products (Mb); and digestate from a biogas fry factory (Dg) on soil thermal conductivity, heat capacity, thermal diffusivity, water content, and bulk density in the top (0-15-cm) layer of two soils in Poland and the Czech Republic. Materials and methods Irrespective of EOM type, the total yearly nitrogen application rate being 200 kg N ha −1 (100%) was from a given EOM at the rates 0, 50, 75, and 100% and the remaining parts from the mineral fertilizer. The study was conducted in 2013-2014 in Poland (Braszowice) and the Czech Republic (Pusté Jakartice) on loam silt and clay silt loam, respectively, as part of a cross-border cooperation project. The soil properties were examined using classical descriptive statistics, semivariograms, and kriging-interpolated maps. Results and discussion Analysis of linear regressions (trends) showed that the EOM application rate influenced (positively or negatively) the soil properties in most measurement occasions. The variability of all soil properties was low and medium (coefficient of variation 7.3-34%). Geostatistical analysis indicated that the spatial dependence (C 0 /(C 0 + C s )) of the soil properties on the EOM-amended plots was very strong or moderate. The maps revealed that the heterogeneity and degree of patch fragmentation were greater for thermal conductivity and heat capacity than for thermal diffusivity, water content, and bulk density. In general, all the soil properties were spatially more variable in the Braszowice than Pusté Jakartice soil and in spring than autumn in both sites. Conclusions The spatial analysis and maps enhance the comprehensive understanding of changes in soil thermal properties in response to EOM application. Suitability of the results from the field experiments in models predicting some thermal properties based on soil bulk density and water content in relation to EOM addition was indicated. Expressing the amount of EOMs added using the organic carbon content basis (% kg OC/kg of soil) instead of the nitrogen content basis allowed identifying areas on the kriging-interpolated maps where the distribution of soil thermal properties resembled that of soil organic carbon content, water content, and bulk density. Thus, the effect of EOMs on soil thermal properties is considered along with changes in soil water content and bulk density.
hydrophobicity (Kwiatkowska-Malina 2018; EASAC 2018; Garratt et al. 2018) .
However, its content in tilled soils frequently decreases (Olivier et al. 2015; Beck-Broichsitter et al. 2018) , is maintained on the same level, or increases depending on the site conditions and management practices (Lal 2017; Ajayi and Horn 2017; GSOC17 2017; Bolinder et al. 2018) . It has been assessed that losses of organic C due to tillage and erosion on a global scale vary from 42 to 78 Gt (Lal 2004) . The review presented by Post and Kwon (2000) demonstrates that intensive 30-50-year tillage can result in as high as 50% loss of organic carbon from the top 20-cm soil layer. This is mostly attributed to reduced physical protection of organic matter by soil disturbance (West and Post 2002; Six et al. 2004 ), greenhouse gas emission (Hatano and Lipiec 2004) , crop residue removal, and water erosion (Ruysschaert et al. 2006 ). However, in another long-term (30 years) field experiment of Rutkowska and Pikula (2013) in Poland, soil organic matter in tilled soil increased by approximately 12% when solid manure was regularly applied. Soil organic matter decomposition rates tend to increase with observed soil warming associated with climate change (Intergovernmental Panel Climate Change 2007; Qian et al. 2011; Bolinder et al. 2013) .
To increase organic matter accumulation or prevent its losses in agricultural soils, additional inputs of organic materials should be applied (Dębska et al. 2016; Bolinder et al. 2018) . Important sources of such materials can derive from by-products of agricultural industry, biochar, compost, digestate, biogas plant, and intensive livestock farming (Voelkner et al. 2015; Ajayi and Horn 2017) as well as lignin (Zhang et al. 2015) .
Their effects depend on the quantity applied and the proportion transformed to more resistant soil organic matter (Diacono and Montemurro 2010; Bolinder et al. 2018 ). Application of the by-products to the soil allows minimizing waste streams and recycling nutrients in the closing cycle. Therefore, the use of recycled organic materials are efficient alternatives to chemical input-dependent and high-price mineral fertilizers in cropping systems (EASAC 2018; Bolinder et al. 2018 ).
There have been many studies examining the effects of organic materials on soil water retention and stability of soil structure Minasny and McBratney 2017) . Some studies have shown that organic matter is able to hold several times more water in reference to its mass (Rawls et al. 2003; Yang et al. 2014 ) and increase the available water capacity to a greater extent in coarse than fine-textured soils (Minasny and McBratney 2017) . Organic matter encourages formation of soil aggregates that stabilize the pore system and allow storing larger quantities of rainwater in the soil for the growth of plants. It also protects the natural "organic carbon" in the aggregates from microbial decomposition (McKenzie et al. 2011; Wiesmeier et al. 2012) .
A substantially lower number of studies, however, have been focused on the effect of recycled organic matter on soil thermal properties although they are a significant factor influencing surface energy partitioning, temperature distribution (Chung and Horton 1987; Mady and Shein 2016) , water transmission in the soil and nearby ground atmosphere system (Heitman et al. 2007) , and seed germination and plant growth (Wardani and Purqon 2016) . Besides, thermal properties are used to assess heat migration in the soil in terms of using geothermal energy (Mondal et al. 2015; Di Sipio and Bertermann 2018) .
Addition of organic materials can modify the thermal properties of a given soil through changes in the soil structure (Yang et al. 2014; Horn et al. 2014; Zhang et al. 2015) affecting the relative contribution of air, water, and organic matter (Usowicz et al. 2013 (Usowicz et al. , 2016 Zhang et al. 2015) with significantly different thermal properties. For example, air displays very low thermal conductivity of 0.025 W m −1 K −1 , which increases to 0.25, 0.57, and up to 8.80 W m −1 K −1 for organic matter, water, and mineral particles, respectively (de Vries 1963) .
The effect of recycled organic matter addition on the thermal properties can be mediated by the application rate and type of the exogenous organic material and the site conditions. Therefore, the aim of this study was to assess the effect of EOMs, including compost from manure, slurry, and straw (Ag); industrial organic compost from sewage sludge (Ra); animal meal from animal by-products (Mb); and digestate from a biogas fry factory (Dg) on soil thermal conductivity, heat capacity, thermal diffusivity, water content, and bulk density in the top (0-15-cm) layer of two soils in Poland and the Czech Republic.
2 Materials and method 2.1 Study area and exogenous organic materials applied A 2-year (2013-2014) field experiment was conducted with exogenous organic matter on loam silt and clay silt loam located in Poland (Braszowice, 50°34′ 03.0″ N 16°48′ 07.4″ E) and the Czech Republic (Pusté Jakartice, 49°58′ 23.5″ N 17°5 7′ 19.8″ E), respectively. The soils in both sites were classified as Haplic Cambisols (IUSS 2015) . The soils contain 14 and 20% of clay and 1.12 and 1.13% of organic carbon in Braszowice and Pusté Jakartice, respectively (Table 1) . Visual observations showed that the combined size class for soil structure type was fine to coarse (1-10 mm) (FAO 2006) in both sites and aggregates of the latter were more fragile.
The following EOMs were used: digestate from a biogas fry factory (Dg) in Braszowice, compost from manure, slurry, and straw produced by thermophilic aerobic fermentation during around 6 months (Ag) in Pusté Jakartice, and industrial organic compost from sewage sludge (Ra) and animal meal from animal by-products (Mb) in both sites (Table 2 ) (Niedźwiecki et al. 2015) . The plot size was 4.5 × 6 m in Braszowice and 3 × 8 m in Pusté Jakartice. The EOMs were spread at spring of each year on the soil surface and then carefully incorporated into a 15-cm depth using a cultivator before sowing maize (Zea mays L.) in both sites. Each EOM was applied at the following 3 rates based on the nitrogen content (100% = 200 kg N ha −1 ): 50 (50% N from EOM and Ag = compost from manure, slurry, and straw; Ra = industrial organic compost from sewage sludge; Mb = animal meal from animal by-products; Dg = digestate from a biogas fry factory; 50 = 50% N from a given EOM and 50% mineral N; 75 = 75% N from a given EOM and 25% mineral N; and 100 = 100% N from EOM a Water content (WC) of the EOMs is given in Table 3 * Applied once (2013) in Braszowice, Poland ** Data from (Niedźwiecki et al. 2015) # dry soil weight from 1 m 2 of top 0-15 cm (= 204 kg in Braszowice and 209 kg in Pusté Jakartice) (Table 3) , the application rates of the organic amendments varied from 0.124 to 2.33 kg m −2 . In Braszowice, in the second year of the experiment, no Mb was added due to the high content of phosphorus and the risk of eutrophication. Instead of Mb, relevant rates of mineral N were applied. The randomized complete block design experiment had 4 blocks (A, B, C, D). Each block included 10 plots (3 EOMs × 3 rates and the control) ( Fig. 1 ). There were 40 plots in each site. The EOMs were spread each year on the soil surface and then carefully incorporated at spring into a 15-cm depth using a cultivator before sowing maize (Zea mays L.) in both sites.
To improve the analysis of the effect of organic matter on the soil properties, we calculated the amount of EOMs added on the organic carbon content (OC) basis and expressed in % kg OC/kg of soil. The calculation was based on soil bulk density, organic carbon content, water content, and bulk density of each EOM (Tables 2 and 3 ). The soil bulk densities, organic carbon content, and soil weight for the 0-15-cm layer per m 2 in Braszowice and Pusté Jakartice were 1.36 and 1.39 Mg m −3 , 1.12 and 1.13%, and 204 and 209 kg m −2 , respectively.
Laboratory and field measurements
Before the field experiments started, measurements of thermal conductivity (K), heat capacity (C), and thermal diffusivity (D) of pure exogenous organic materials were done at the current soil water content and dry state in the laboratory. The field measurements of soil K, C, and D in each study field were carried out in 120 points (4 blocks × 10 treatments × 3 replicates taken randomly) using a KD2 Pro meter (Decagon Devices), with accuracy 10% for K from 0.2 to 2 W m − 1 K − 1 and 10% at K above 0.1 W m −1 K −1 for both C and D. The KD2 Pro meter was used in both laboratory and field. The water content using the time-domain reflectometry (TDR) (Easy Test, Lublin, Poland) method with accuracy 2% and bulk density was measured in 80 points (4 blocks × 10 treatments × 2 replicates taken randomly). Soil samples for determination of bulk density and water content were collected in 100-cm 3 Kopecky cylinders and dried. The weight values before and after drying were used to calculate bulk density. Soil water content was measured using a TDR meter close to the sampling place with the cylinders. All measurements were performed before sowing of maize in spring and after harvest in autumn at a 0-15-cm depth in both study years.
Weather conditions
The average annual long-term air temperatures were 8.2°C and 8°C in Braszowice (Poland) and Pusté Jakartice (Czech Republic), respectively, and the corresponding sums of precipitations were 568.9 mm and 640 mm (average of 40 years). The data were collected at the meteorological stations Kłodzko, Braszowice, and Ostrava/Mosnov, Pusté Jakartice. In 2013 and 2014, the average annual temperatures were higher than the long- Table 3 Some properties of exogenous organic matter used in the field experiments-thermal conductivity (K), heat capacity (C), thermal diffusivity (D), water content (WC), bulk density (BD), and organic carbon content (OC) and total nitrogen (N tot ) in EOMs at water contents during field application and dry state Ag = compost from manure, slurry, and straw; Ra = industrial organic compost from sewage sludge; Mb = animal meal from animal by-products; Dg = digestate from a biogas fry factory; dry = after drying at temperature 60°C to the constant weight # Data from (Khater 2015) * Data from (Niedźwiecki et al. 2015) term temperature by 0.4°C and 1.1°C in Braszowice and 0.92°C and 2.29°C in Pusté Jakartice, respectively. The precipitations in Braszowice were higher than the longterm average by 56 and 20 mm in 2013 and 2014, respectively, whereas these values in Pusté Jakartice were lower by 58 mm in 2013 and higher by 94 mm in 2014. The precipitation sums during the growing season (April-September) amounted to 460 mm both in 2013 and in 2014 in Braszowice, whereas the sums in Pusté Jakartice were 444 in 2013 and 568 mm in 2014.
Data analysis
Basic statistics, including the mean, minimum, maximum, standard deviation, and coefficient of variation (CV), were calculated. Spatial dependence and distribution of each soil property were evaluated using geostatistical methods.
Experimental semivariograms (γ(h)) were calculated using standard formulae (Zawadzki et al. 2005 ; Gamma Design Software 2008):
where N(h) is the number of pairs of points with values of z(x i ), z(x i + h), distant by h. In these analyses, mathematical functions were fitted to the experimental semivariograms. The nugget values, sills, and ranges of spatial autocorrelation were determined:
where γ(h) is the semivariance for internal distance class h, h is the lag interval, C 0 is the nugget variance ≥ 0, C is the structural variance ≥ C 0 , and A 0 is the range parameter. In the exponential model, the effective range for the major axis is equal to 3A 0 , which is the distance at which the sill (C 0 + C) is within 5% of the asymptote. Proportion C 0 /(C 0 + C) is a measure of the proportion of sample variance (C 0 + C) that is explained by spatially structured variance C. According to Cambardella et al. (1994) , the spatial dependences (C 0 /(C 0 + C)) < 25%, 25-75%, and > 75% are strong, moderate, and weak, respectively.
Estimation of values in places, where no samples have been taken, was conducted with the help of mapping using the ordinary kriging method (Gamma Design Software, GS+9, 2008) :
where N is the number of measurements, z(x i ) is the value measured at point x i , z*(x o ) is the estimated value at the point of estimation x o , and λ i are weights.
Results

Exogenous organic materials added
As described in "Materials and methods," we expressed the EOMs added on an organic carbon content basis (%, kg OC/kg of soil) ( Table 2) . Application of EOMs containing 18-41% of organic carbon twice resulted in a wide range of the organic carbon weight values ranging from 0.045% kg kg −1 (0.0224 × 2 years) for Mb in Pusté Jakartice up to almost 0.22% kg kg −1 (0.109 × 2 years) for 100-Ra in Braszowice as well as 100-Ra and 100-Ag in Pusté Jakartice. It is worth noting that the lower organic carbon input with Mb in Braszowice was in part due to application thereof only in the first year of the study.
The results in Fig. 2 , as calculated in Table 2 , indicate that in Pusté Jakartice vs. Braszowice, there were more grouped (neighbouring) plots with the same soil organic carbon content (OC). This refers especially to areas with OC of 0.096-0.112%, kg kg −1 (marked in green) and 0.160-0.176%, kg kg −1 (marked in red). Moreover, the Pusté Jakartice vs. Braszowice site had more sub-areas with maximum OC (0.208-0.224%, kg kg −1 ).
Characteristics of exogenous materials and soils
As can be seen in Table 3 , the values of the thermal conductivity and heat capacity of the EOMs at the water contents during application into the soils were the highest i n t h e D g t r e a t m e n t ( 0 . 5 4 6 W m − 1 K − 1 a n d 3.883 MJ m −3 K −1 , respectively) and considerably lower and similar in the Mb and Ra variants (0.167-0.248 W m −1 K −1 and 1.570-2.020 MJ m −3 K −1 , respectively). However, the values of thermal diffusivity were the highest and similar in the case of Ra and Dg (0.136-0.158 mm s −1 ) and the lowest in the Mb treatment (0.083 mm s −1 ). In the dry state, the values of thermal conductivity and heat capacity were the highest in the Mb variant (0.153 W m −1 K −1 and 1.940 MJ m −3 K −1 , respectively) and the lowest in the Dg treatment (0.061 W m −1 K −1 and 0.656 MJ m −3 K −1 , respectively). However, the thermal diffusivity value was the highest in the Ra variant (0.113 mm s −1 ) but lower and similar in the Mb and Dg treatment (0.079-0.093 mm s −1 ). The relative reductions in the thermal properties from the water content in the field application to the dry state were the largest for Dg (by 32-89%) and the lowest for Mb (by 4-8.4%). This was due to the highest water content at the time of application in the Dg variant (0.865 m 3 m −3 ) and substantially lower in the other amendments (0.046-0.258 m 3 m −3 ). The inverse was true for the bulk density values (0.117 Mg m −3 vs. 0.461-0.702). Although the thermal properties were not measured in the Ag treatment, their values can be assumed to be similar to those of Ra, having similar contents of organic carbon, water content, and bulk density, which are regarded as main factors influencing the thermal properties of EOMs.
As can be seen in Table 4 , the overall mean values (n = 320-480) of soil bulk density, water content, thermal conductivity, heat capacity, and thermal diffusivity in Braszowice were 1.360 Mg m −3 , 0.222 m 3 m −3 , 1.024 W m −1 K −1 , 2.435 MJ m −3 K − 1, and 0.428 mm s −1 , respectively. The corresponding means in Pusté Jakartice were 1.391 Mg m −3 , 0.265 m 3 m −3 , 1.156 W m −1 K −1 , 2.641 MJ m −3 K −1 , and 0.434 mm s −1 . The values of all properties in both sites and study years except the water content in 2013 in Braszowice were greater in autumn than spring. As suggested by Dahiya et al. (1984) , the variability of the bulk density was low (CV = 
Linear regressions (trends) between EOM application rates and soil properties
The data collected allowed obtaining relationships between the amounts of EOMs applied and the physical and thermal soil properties using linear regression at different occasions. Figure 3 indicates that the ascending trend lines of soil water content with increasing EOM application rate added occurred at all occasions except in spring 2014 in Braszowice and in spring 2013 and 2014 in Pusté Jakartice. The trend lines for bulk density differed between the study sites. The bulk density values decreased or remained the same with the increasing EOM application rate in Braszowice, but increased in all cases in Pusté Jakartice. This was probably related to the different within-site variability of bulk density and the more aggregated structure in the Pusté Jakartice soil. Overall, the changes in bulk density were relatively smaller in Pusté Jakartice than Braszowice.
As to thermal conductivity, there was no clear trend with the increasing application rate of the EOMs except the decreasing and increasing trend lines in autumn 2013 in Braszowice and in autumn 2014 in Pusté Jakartice, respectively (Fig. 4) . In most cases, the variability indicated by standard deviation was greater in Braszowice than Pusté Jakartice. There was an ascending trend line for soil heat capacity with the increasing EOM application rate in Pusté Jakartice in autumn 2013 and 2014. In turn, in spring 2014, the trend for the heat capacity with the EOM rate was increasing in Braszowice and decreasing in Pusté Jakartice. In the other cases, the trends remained unchanged. At all occasions, in contrast to spring 2014, the heat capacity values were greater in Pusté Jakartice than Braszowice. Irrespective of the occasion, EOM type, and application rate, the variability of the heat capacity shown by the standard deviation values was lower in Pusté Jakartice than Braszowice. Thermal diffusivity was not substantially influenced by the increasing EOM application rates (Fig. 4 ). Similar to heat capacity, the variability of this property was in most cases lower in Pusté Jakartice than in Braszowice. Overall, comparison of the arrangement of the trend lines for all soil properties (Figs. 3 and 4) indicated that the differences in the response of thermal diffusivity to the increasing EOM application rate were much lower than those for the other soil properties studied.
Geostatistical analysis
Semivariograms
The skewness that describes the degree of distribution asymmetry around the mean (normal distribution = zero) that is 80 or 120 data depending on the property varied from − 0.5 to 0.5 in most cases and was similar to the normal distribution and thereafter met the condition of a stationary or quasi-stationary process. The semivariogram exponential model was adjusted to the empirical semivariogram for most variables with a satisfactory accuracy in both sites (R 2 > 0.7). Alongside, the residual sums of squares for the semivariogram model were low (from 2.83E-09 to 1.87E-03) indicating good fit of the model to the experimental semivariogram data. The relatively low nugget effect (C 0 ) ranging from 0.00046 to 0.251 (Table 5) indicates regular and continuous distribution of all soil variables in both sites and that the accepted lag sampling was CV coefficient of variation sufficient to recognize the variance. The sills (C 0 + C s ) (C sstructural variance) had the highest values for the heat capacity (0.074-0.315) in both sites and considerably lower values for the other soil variables (0.0002-0.006). The respective spatial dependences were strong and moderate for all soil variables, measurement occasions, and sites. The effective ranges of spatial dependencies (A) varied from 2.8 m for heat capacity in Pusté Jakartice in autumn 2013 to 48 m for thermal conductivity in Braszowice in autumn 2014.
Kriging-interpolated maps
The maps of the soil variables were first drawn by means of ordinary kriging and co-kriging methods. The results from both methods were alike, and hence, we used ordinary kriging built on theoretical semivariogram models (Table 5 ). Visual comparison of Figs. 2, 5, and 6 indicates interrelations (resemblance) between soil organic carbon content, water content, bulk density, and thermal properties. For example, the greater amount of soil organic carbon content (0.08-0.096% kg kg −1 ) at approximately 51-57 m in the upper part and 54-60 m in the lower part of the field in Pusté Jakartice soil (Fig. 2) corresponds with greater soil water content, thermal conductivity, and heat capacity in spring 2013 (Figs. 5 and 6) . This relation can in part be supported by the descending distribution trend of organic carbon content from 0.224 to 0.08% kg kg −1 (Fig. 2) and thermal conductivity within the area approximately from 42 to 60 m in spring and autumn 2013 (Fig. 6 ). Such a trend was also observed for heat capacity (Fig. 6) . Moreover, the relatively high soil water content and bulk density in a large area of the field in Pusté Jakartice at harvest in 2013 and 2014 correspond with the relatively high thermal conductivity and heat capacity (Figs. 5 and 6) . Therefore, the low soil water content and bulk density predominating in both experimental fields in spring 2014 match with low thermal conductivity and heat capacity that correspond with low soil water content and bulk density. However, the similar pattern of thermal conductivity and heat capacity in spring 2013 and 2014 in Braszowice corresponds with the relatively low soil water content and bulk density.
It is worth noting that the areas with the relatively high and maximum thermal diffusivity at 45-52 m and 65-67 m (lower side) in Braszowice in autumn 2013 correspond with the increased bulk density (Figs. 5 and 6) . However, the lowest thermal diffusivity in both sites, recorded in autumn 2014, corresponds with the relatively high water content and bulk density. These effects were more pronounced in Pusté Jakartice than Braszowice. However, the predominantly low thermal diffusivity in spring 2013 in Pusté Jakartice soil corresponds with Fig. 3 Mean values with standard deviations (n = 8) and linear regressions between EOM application rates and soil water content and bulk density for spring and autumn 2013 and for spring and autumn 2014 (successively from the left). 50 = 50% N from a given EOM and 50% mineral N, 75 = 75% N from a given EOM and 25% mineral N, and 100 = 100% N from EOM, control = 100% mineral N. Ag = compost from manure, slurry, and straw, Ra = industrial organic compost from sewage sludge, Mb = animal meal from animal by-products, Dg = digestate from a biogas fry factory. Linear regressions between EOM application rates and soil water content and bulk density correspond to: spring ( ) and autumn ( ) 2013 and for spring ( ) and autumn ( ) 2014
both the low soil water content and bulk density. The effect of both factors is also clearly visible by comparison of the lower values of all thermal properties and bulk density and soil water content in spring in 2014 than in 2013, especially in Pusté Jakartice. Overall, the kriging-interpolated maps revealed that the heterogeneity and degree of patch fragmentation were higher for thermal conductivity and heat capacity than for thermal diffusivity, water content, and bulk density.
Discussion
According to the experiment schedule, the amount of each exogenous organic matter (EOM) added corresponded to 50, 75, or 100% of nitrogen (200 kg ha −1 ) for maize growth. This was based on the fact that nitrogen supply plays a dominant role in accumulation of dry matter and final crop yield (e.g. Wilczewski et al. 2006) . Taking into consideration that organic matter significantly affects soil physical and thermal properties, in this study, we expressed the added EOM as a percentage of organic carbon in soil (% kg OC/kg of soil). Thus, we obtained various and arbitrarily distributed amounts of organic carbon (Fig. 2) added due to the different application rates, organic carbon content in EOMs, and randomization of the experimental plots. Analysis of the spatial kriginginterpolated maps facilitated identification of areas where changes in the studied thermal properties are related to those of organic carbon from the EOMs. This supports the usefulness of the approach quantifying the application of EOMs in terms of carbon provided for studying the spatial effect of Fig. 4 Mean values with standard deviations (n = 12) and linear regressions between EOM application rates and soil thermal properties for spring and autumn 2013 and for spring and autumn 2014 (successively from the left). 50 = 50% N from a given EOM and 50% mineral N, 75 = 75% N from a given EOM and 25% mineral N, and 100 = 100% N from EOM, control = 100% mineral N. Ag = compost from manure, slurry, and straw, Ra = industrial organic compost from sewage sludge, Mb = animal meal from animal by-products, Dg = digestate from a biogas fry factory.Linear regressions between EOM application rates and soil thermal conductivity, heat capacity and thermal diffusivity correspond to: spring ( ) and autumn ( ) 2013 and spring ( ) and autumn ( ) 2014 exogenous organic materials (EOMs) on soil thermal properties. The occurrence of spatial similarity (resemblance) of the organic carbon added and soil water content, bulk density, thermal conductivity, and heat capacity is worth noting. This implies that the effect of added organic carbon from the EOMs on the thermal properties could be manifested by changes in soil water holding capacity and density. This is in line with earlier studies showing that organic matter can significantly improve soil water retention Pachepsky et al. 2006 ) and modify soil structure and density (Usowicz et al. 2013) . Irrespective of the soil organic matter effect, the thermal properties are principally influenced by soil mineralogy and soil texture (Cai et al. 2017; Zhang et al. 2017) .
Taking into consideration the relatively small area of both experimental fields (12 × 90 and 16 × 60 m), one can assume that the quartz content does not change significantly. This supports our results of the geostatistical analysis indicating that variations of the thermal properties were largely influenced by the randomly added organic matter and associated soil water content and bulk density. The use of the geostatistical analysis was justified by normal distribution of the studied properties required in such analysis.
The results have shown that the spatial variation of thermal diffusivity at most occasions in both sites was less heterogeneous than that of the thermal conductivity and heat capacity (Fig. 6 ). This can be related to the non-linear response of diffusivity to the increasing water content (a rapid increase to the inflection point and a slower rise afterwards) (Mady and Shein 2016; Usowicz et al. 2016) .
Our results imply similarity in the spatial distribution of a particular thermal property between the occasions or of different thermal properties at the same occasions in the scale of whole fields. An example can be the similar distribution of thermal conductivity occurring in spring and autumn 2013 and the similar distribution of thermal conductivity and heat capacity in spring 2014 in Pusté Jakartice. Another example can be the predominantly low thermal diffusivity over the whole field in autumn 2014 both in Braszowice and Pusté Jakartice coinciding with the relatively high water content. These spatial similarities observed visually on the maps, however, were not reflected by the basic statistics such as the coefficient of variation and linear regressions (trends) describing the whole size of the results. Thus, the spatial analysis and maps enhance the comprehensive understanding of changes in Table 5 Semivariogram parameters for bulk density, water content, thermal conductivity, heat capacity, and thermal diffusivity in the 0-15-cm layer
Parameters
Model Exp. exponential, C 0 nugget, A (m) range, C 0 + C s sill soil thermal properties in response to EOM application. Interestingly, the similarities mentioned above were observed in field conditions, where they are largely diminished by weather conditions and inherent variability of soil. Hence, these results provide some links for better deployment of the information on soil thermal properties in response to application of organic amendments that has been collected from experiments conducted in better-controlled laboratory conditions. Comparison of the results between both sites indicates that the Pusté Jakartice soil compared to the Braszowice soil exhibited on average greater soil water content (0.265 vs. 0.222 m 3 m −3 ) and thermal conductivity (1.156 vs. 1.024 W m −1 K −1 ). This implies higher thermal propagation rates in the former although more energy has to be used for warming up the soil due to the greater heat capacity (2.641 vs. 2.435 MJ m −3 K −1 ). The energy partitioning in both study sites is important in spring to gain sufficient soil temperature for planting crops. The thermal propagation in the Pusté Jakartice soil can be further modified by the presence of a greater number of earthworms that we observed during the field measurements. Large pores between relatively stable cast aggregates and burrows made by earthworms can serve as transport pathways of preferential water movement allowing a rapid flow of heat with water migrating down the soil profile (Heitman et al. 2007; Votrubova et al. 2012) . However, at relatively low soil water contents and high temperatures, the earthworm channels can create pathways for convective transport of heat (Kimball et al. 1976 ). According to the intensitycapacity concept proposed by Horn and Kutilek (2009) , arrangement of both soil particles and/or aggregates and earthworm casts in a given volume can also contribute to heat flux processes.
The interrelations of soil thermal properties and water content and bulk density observed in this field study confirm the effect of organic matter amendment, bulk density, and soil water status on the thermal properties, as observed earlier in controlled conditions (Usowicz et al. 2013 (Usowicz et al. , 2016 Cai et al. 2017) . They are useful in mathematical modelling of soil thermal properties (Tarnawski Bi et al. 2018) . As shown in recent studies (Mady and Shein 2016; Arkhangelskaya et al. 2016; Zhang et al. 2017) , incorporation of soil bulk density and water content into input data improved the prediction capacity of the model of thermal diffusivity in different soil types. In the study conducted by Mady and Shein (2016) , the effect of soil bulk density and water content on thermal diffusivity was shown to be greater than that of clay content. In biochar-amended soil, the increase in thermal conductivity and thermal diffusivity with increasing soil water content was more pronounced in soil with greater rather than lower bulk density (Usowicz et al. 2016) . Moreover, the results on soil thermal properties from this study provide additional opportunities for prediction of other soil physical properties. An example can be the approach developed recently for characterization in situ of bulk density (Lu et al. 2016 ) and quartz content (Tarnawski et al. 2009 ) based on thermal conductivity measurements.
Summary and conclusions
The spatial variation of thermal conductivity, heat capacity, thermal diffusivity, water content, and bulk density in the topsoil (0 to 15 cm depth) in response to application of exogenous (recycled) organic materials (EOMs) on maize fields in Poland and the Czech Republic was explored and evaluated by means classical descriptive statistics, semivariograms, and spatial kriging-interpolated maps. The variability of all soil properties was low and medium, and their spatial dependence was very strong and moderate. The mean values of the thermal soil properties, water content, and bulk density and their spatial distribution were greater in the Polish than the Czech study field and greater in spring than in autumn in both fields. Irrespective of in measurement occasion and study field, the heterogeneity and degree of patch fragmentation were higher for thermal conductivity and heat capacity than for thermal diffusivity, water content, and bulk density. Expressing amount of the EOMs added to the soil on the organic carbon content basis instead of the nitrogen content basis allowed indicating areas on the kriginginterpolated maps where spatial distribution of soil thermal properties was similar to that of soil organic carbon content, soil water content, and bulk density. Thus, the effect of EOMs on soil thermal properties (intensity parameters) is considered along with changes in soil water content and bulk density (capacity parameters). The results of this field study provide valuable input data for models predicting thermal properties based on soil bulk density and water content or bulk density and texture based on soil thermal properties.
